Abstract
Introduction
HIV infection-induced cognitive impairment, known as HIV-associated neurocognitive disorder (HAND), can occur without involvement of other possible causes such as opportunistic disease or malignancy [1] . Although combined antiretroviral therapy has decreased the incidence of the severe form of HAND [2, 3] , the prevalence of HAND, especially its milder forms, is still substantially high [4, 5] . Even the milder form of HAND can decrease quality of life, making precise diagnosis and timely intervention essential. No theory has been established to explain the underlying pathophysiology for HAND, despite this knowledge being crucial for diagnosing and treating HAND. Moreover, numerous neuropsychological tests are used to diagnose HAND, even though they are time-consuming.
Resting-state functional MRI (rsfMRI) could be a good solution for defining underlying pathophysiology for HAND. It can reveal brain regions showing altered intrinsic brain activation [6] [7] [8] , which can be possible targets for further conclusive studies to establish pathophysiology with a short scan time. A few rsfMRI studies have revealed altered connectivity in intraor inter-networks for the default mode, executive, salience, dorsal attention, and visual networks in HIV patients [6, 7] . However, these studies mainly focused on the differences between HIV patients regardless of cognitive status and healthy control subjects (HCs). A recent study [9] also reported decreased functional connectivity in the salience and executive networks of HIV patients with HAND compared to controls, but they did not analyze the difference between HIV patients with and without HAND. Therefore, studies are needed that investigate the brain regions relevant to cognitive impairment in HIV by comparing HIV patients with and without HAND.
Recently, our group directly compared HIV patients with HAND and those with intact cognition (HIV-IC) using a seed-based analysis, and reported decreased resting-state functional connectivity (rsFC) in the frontal areas with a predefined precuneus seed in patients with HAND [8] . To clarify the exact region of altered connectivity between the two regions and to explore other brain regions not assessed in the previous study, we used regional homogeneity (ReHo), amplitude of low-frequency fluctuation (ALFF), and fractional ALFF (fALFF) analyses in this study, since these are data-driven methods and can be used to assess the state of each voxel in the whole brain. ReHo measures how similarly a given voxel activates compared with its neighboring voxels [10, 11] . Therefore, ReHo reflects how well a given voxel is working as a member of a functional module in the resting-state brain. ALFF and fALFF are used to assess the power of resting-state-specific low-frequency brain activation in a given voxel [12] . Until now, no study has observed alterations in intrinsic brain activity in HIV patients according to cognitive status using these methods together. The regional information obtained with these data-driven methods might contribute to better understanding of the pathophysiology of HAND and, furthermore, help define future therapeutic targets in HAND.
Thus, the present study aimed to define altered brain regions for cognitive decline in HIV patients by comparing HIV patients with HAND with HIV-IC and HC using data-driven rsfMRI analytic methods.
Materials and methods

Study population and assessment of cognitive status
This prospective study was approved by the Institutional Review Boards of the Yonsei University Health System and written informed consent was obtained from all subjects. Twenty-four male HIV patients (11 with HAND and 13 with HIV-IC) who underwent rsfMRI and a set of standardized neuropsychological (NP) tests [5] within a one-month interval between April 2014 and September 2014 were recruited as described in detail in a previous study [8] . Patients with focal brain lesions or comorbid conditions (i.e., traumatic brain injury, central nervous system infection, psychotic disorder, significant substance use, color blindness, and hearing deficit) that could influence cognitive status or daily functioning were excluded according to guidelines used in previous studies [5, 13] . Eleven seronegative male HCs without any clinical cognitive impairment or active neurological disorders who were recruited as controls for a different study [14] were also included as controls in this study (See S1 File).
Six cognitive domains were assessed in HIV patients using a set of NP tests, and the scores of some NP tests were either age-corrected scaled scores (ASS; mean = 10, standard deviation = 3) or age-corrected standardized scores (SS; mean = 100, standard deviation = 15): (1) (6) verbal/language (K-WAIS vocabulary subtest; ASS). TMT A, TMT B, and Grooved Pegboard Test scores denote the length of time in seconds spent to accomplish the given task, and higher scores indicate poor performance; for other tests, higher scores indicate better performance. Patients were classified as cognitively impaired as performing below 1 standard deviation (SD) from the demographically adjusted normative mean of published results with HIV-negative subjects [15] [16] [17] [18] [19] . The Frascati criteria [13] were used to diagnose HAND.
Imaging protocols
All examinations was performed on a 3T MR scanner (Tim Trio, Siemens Healthcare, Erlangen, Germany). 2D T2-weighted images (WI), FLAIR, and T2
� WI were performed to rule out the presence of focal brain lesions. Then, 3D T1WI, rsfMRI, and diffusion tensor imaging were conducted in that order. Among all the obtained data, we only reported rsfMRI data in the present study. rsfMRI data were acquired using a gradient echo-planar pulse sequence. rsfMRI data preprocessing rsfMRI preprocessing and statistical analyses were performed in Matlab R2014a (The MathWorks Inc., Natick, MA using Data Processing Assistant for Resting-state fMRI (DPARSF, version 2.3; http://www.restfmri.net) and statistical parametric mapping software (SPM8, Wellcome Department of Imaging Neuroscience, London, U.K.). The first 4 volumes of each image were discarded for magnetization stabilization. Slice timing correction referenced to the middle slice and realignment were performed. The data were coregistered to subject's anatomical scan and spatially normalized to the Montreal Neurological Institute (MNI) template, then resampled into 3 mm cubes. Images were smoothed using an 8-mm full-width, half-maximum (FWHM) isotropic Gaussian kernel, but in the ReHo analysis, the smoothing was performed after calculating ReHo because smoothing before ReHo potentially inflates the results [11] . Then, the time series of each voxel was temporally band-pass filtered (0.01~0.08Hz) to reduce effect of possible very low and high frequency noise, and de-trended to remove linear trend.
rsfMRI data analyses
ReHo measures the degree of regional connectivity by computing Kendall's coefficient of concordance (KCC), a non-parametric test for correlation, for the blood-oxygen-level dependent (BOLD) signal of a given voxel and its nearest 26 neighbors representing a three-dimensional cube around the given voxel [10, 11] .
K2ðn 3 À nÞ=12 Þ k = number of voxels within each cluster, n = number of ranks, Ri = sum of rank at ith time point.
To reduce the global effects of variability across participants, the ReHo of each voxel was divided by the global mean ReHo value for each subject.
Unlike ReHo, ALFF is not associated with correlation, but with the power coherence of specific low-frequency oscillations, reflecting spontaneous brain activities [12] . The preprocessed time series were transformed to a frequency domain using fast Fourier Transform (FFT). Because the squared amplitude of a given frequency component of the original BOLD signal is proportional to the power of the given frequency, the square root of the power spectrum was computed at each frequency of the power spectrum and then averaged across 0.01 Hz-0.08 Hz. This averaged square root was the ALFF. fALFF measures the ratio of the power spectrum of a given frequency range to that of the entire frequency range and fALFF analysis has shown improved sensitivity and specificity in detecting spontaneous brain activity compared to ALFF [20] . As done in ReHo, the ALFF or fALFF of each voxel was divided by the global mean ALFF or fALFF, respectively, for each subject for standardization.
We identified group differences in ReHo, ALFF, and fALFF using one-way analysis of variance (ANOVA) and post-hoc analysis using ANOVA contrasts in a voxel-wise manner including age and duration of education as covariates of no interest. Post-hoc t-tests between each pair of groups were masked with contrast of ANOVA across the three groups. All statistical analyses were corrected for multiple comparisons based on Monte Carlo simulations (3dClust-Sim, AFNI, http://afni.nimh.nih.gov/pub/dist/doc/program_help/3dClustSim.html). To be brief, 3dClustSim estimates the cluster size at an uncorrected p-value that is equivalent to corrected p-values by performing Monte Carlo simulations based on the smoothness of the data. The results from ANOVA were set at a combined individual P value of P < .005 and a cluster size of 30 voxels, with the threshold yielding a corrected P < .05. In order to correct for the total number of comparisons in the post-hoc t-tests, we applied a Bonferroni-like adjustment to the t-test significance level which resulted in a threshold of P < .005 with a cluster size of 40 voxels corresponding to P < .05/6.
Clinical data analyses
To determine normal distribution of data, we first performed the Shapiro-Wilk test. Accordingly, means ± standard deviations were presented for data with normal distribution, while medians with interquartile ranges were presented for data not normally distributed. ANOVA was used to compare age which was normally distributed, while the Kruskal-Wallis Test was used to compare duration of education which was not normally distributed between the three groups. To compare the NP test results between the HAND and HIV-IC groups, the two-sample t test or Mann-Whitney U test and χ2 test or Fisher's exact test was used to analyze quantitative and qualitative data, respectively.
To examine what cognitive performances were associated with altered intrinsic brain activities in the HAND, we carried out correlation analyses between brain regions and NP test results that showed significant differences in the HAND compared to the HIV-IC. We defined the regions-of-interest (ROIs) including the primary sensorimotor area and orbitofrontal cortex which showed significant differences between the HAND and HIV-IC in ReHo and fALFF analyses, respectively. Then, normalized values of each voxel in ROI were extracted and averaged for each individual map. As the values from ReHo and fALFF highly anti-correlated with each other, the differences between ReHo and fALFF values were also included in the analysis to examine how the interaction between these two regions were related to cognitive change in HAND. Thus, the mean values for each of the ROIs and the subtracted values of all HIV patients were correlated with their scores on the target NP tests using Pearson's or Spearman correlation, whichever was appropriate. All statistical analyses were performed using the statistics toolbox of Matlab R2014a or SPSS version 24.0 (IBM, Armonk, New York). A two-tailed, Bonferroni-corrected P < .05 was considered statistically significant.
Results
Demographic characteristics and NP test results
Among the 11 patients with HAND, one patient was excluded due to progression of liver cirrhosis that might affect cognitive function. Of the 13 patients with HIV-IC, one was excluded due to significant substance use. Therefore, 10 patients with HAND, 12 with HIV-IC, and 11 HCs were included in this study. In the 10 patients with HAND, two had asymptomatic neurocognitive impairment and eight had mild neurocognitive impairment. No patient had HIVassociated dementia.
There were no significant differences between the groups (HCs, HIV-IC, HAND) with respect to age (53.0 ± 7.39, 52.5 ± 6.43, and 56.0 ± 8.15; P = .50) and duration of education (12.00 [12.00-12.00], 12.00 [12.00-16 .00], and 13.25 [9.00-16.00]; P = .96). All HIV patients who were on HAART had undetectable plasma viral loads (< 20 copies/mL) except one patient with HAND whose plasma HIV RNA was also low (52.2 copies/mL). There was no significant difference in current CD4 cell count (704.33 ± 201.45 vs. 525.80 ± 252.24; P = .080) and disease duration defined as years since HIV diagnosis (9.5 [8.50-14 .50] vs. 10.0 [4.75-39 .00]; P = .668). Compared to HIV-IC, HAND showed decreased ability in learning and recall, abstraction/executive function, and sensory perception/motor skills domains (Table 1) .
ReHo
On ANOVA analysis, several clusters in the bilateral frontal, bilateral medial occipital, and the right sensorimotor areas showed significant differences between the groups. According to the post-hoc analysis, HIV-IC had lower ReHo in the bilateral frontal areas, while having higher ReHo in the medial occipital areas compared to HC. HAND showed broader areas showing decreased ReHo in the bilateral frontal areas and increased ReHo in the right primary sensorimotor area as well as the medial occipital areas compared to HC. In direct comparison with HIV-IC, HAND had higher ReHo in the right primary sensorimotor area, while there was no area showing lower ReHo in HAND (Table 2 and Fig 1) .
ALFF
ALFF also showed significant group difference in the bilateral frontal, temporal, and occipital areas on ANOVA analysis. Compared to HC, HIV-IC and HAND had lower ALFF in the bilateral frontal areas, while higher ALFF was observed in the bilateral occipital areas. No significant difference was found in ALFF between HAND and HIV-IC (Table 2 and Fig 2) .
fALFF
A few clusters in the right frontal areas were found to be significantly different in fALFF between groups on ANOVA analysis. HAND had lower fALFF in the right frontal areas compared to HIV-IC as well as HC. There was no significant difference in fALFF between HIV-IC and HC (Table 2 and Fig 3) . 
Correlation analyses between rsfMRI values and NP test results
According to the group comparison results, we defined two ROIs in the right primary sensorimotor area (58 voxels) and right middle orbitofrontal area (40 voxels) which showed significant difference in ReHo and fALFF, respectively, between HAND and HIV-IC (Fig 4) . Among the eight NP tests which showed significant group differences, poor performances in the delayed recall and total scores of K-AVLT and perseverative error number and total error number of WCST were significantly correlated with higher mean ReHo in the right primary sensorimotor area (Ps < 0.05/8). Poor performance in WCST subsets was also significantly correlated with lower mean fALFF in the right middle orbitofrontal area (Ps < 0.05/8). Finally, higher subtracted values between the primary sensorimotor area and orbitofrontal cortex were correlated with worse performance in all of the AVLT and WCST subsets (Ps < 0.05/8; Table 3 ).
Discussion
In the present study, patients with HIV exhibited alterations of spontaneous brain activity regardless of cognitive dysfunction, even though they had undetectable or very low plasma HIV RNA with HAART. The HAND and HIV-IC groups showed similar activity patterns: lower rsfMRI values mainly in the bilateral frontal areas, and higher values in the posterior brain areas compared to HC. When compared to the HIV-IC group, the HAND group showed lower fALLF in the frontal area and higher ReHo in the primary sensorimotor area, and these areas were correlated with cognitive function in HIV patients, suggesting that these areas are relevant to cognitive impairment in HIV patients. In our study, patients with HAND showed decreased ability in memory and abstraction/ executive function as well as motor skills compared to the HIV-IC group. Meanwhile, information processing speed, attention/working memory, and verbal fluency were preserved in the HAND group. This is in line with previous results that show the presence of more cortical involvement with memory/learning and executive dysfunction in the post-HAART era than in the pre-HAART era as subcortical involvement was predominant in the pre-HAART era with disturbed motor skills, cognitive speed, and verbal fluency in patients with HAND [21] . According to these findings, one can postulate that patients with HAND might have alterations predominantly in the frontal and parietal cortices in the post-HAART era, as these areas comprise the executive network that plays a significant role in regulating executive functions [22] , the default mode network relevant to learning and memory function [23, 24] , and the salience network that plays a switching role between the two networks [25] .
As assumed, previous neuroimaging studies [26, 27] found an association between cognitive impairment and frontal and parietal cortical thinning which might be partly attributable to the loss of synapses and particular types of neurons and reduced dendritic complexity [28, 29] in HIV patients. A previous study using fMRI [30] also reported altered brain activation in the fronto-parietal regions during an executive function task. In this past study, HIV patients with mild cognitive compromise showed frontal hypo-activation and parietal hyper-activation during the task. The authors thus suggested reduced efficiency in the frontal regions and the recruitment of additional posterior regions to compensate for frontal disruption. Through rsfMRI studies [6, 9] , the authors showed decreased connectivity in the default mode, executive, and salience networks in HIV patients with all or some patients with HAND compared to controls and associations with decreased cognitive performance. By directly comparing HIV patients with and without HAND, our colleagues found decreased connectivity between the PCC and frontal areas in the default mode network [8] .
In our study, we found intrinsic functional alteration in the frontal and parieto-occipital areas in HIV patients regardless of cognitive status. The HAND group consistently showed decreased rsfMRI values in the frontal/insular area and elevated values in the posterior area which covered some areas of the executive, default mode, and salience networks, keeping in line with previous results [6, 8, 9] . Unexpectedly, in our study, the HIV-IC group also showed similar patterns of altered intrinsic brain activation with the HAND group. This functional alteration might proceed clinically overt cognitive decline which can be detected in neuropsychological tests. In other words, some subtle-clinically undetected-changes in the cognitive process might already be present even before HAND is diagnosed in HIV-infected patients. Future studies with more cognitive demanding tests are warranted to reveal early changes in cognition and their clinical implications for HIV patients. 
Altered intrinsic local activity and cognitive dysfunction in HIV patients
Among the frontal and posterior regions, small cortical areas including the orbitofrontal cortex and primary sensorimotor area were particularly more altered in HAND compared to HIV-IC, suggesting a possible role of those areas in developing HAND in HIV patients. As we found altered activity in the frontal cortex but not in the PCC, the role of the frontal area between these two regions might be more important in the case of decreased functional connectivity between the PCC and frontal areas in HAND relative to HIV-IC, which was noted in a previous study [8] .
The orbitofrontal cortex has connections with the ventral striatum involved in reward processing [31] , so one important function of the orbitofrontal cortex is known as rapid updating of stimulus-reward association [32] . In line with this, our results showed that lower fALLF values in the orbitofrontal cortex were significantly correlated with increased perseverative number of errors in WCST. This suggests that patients with altered orbitofrontal activity at rest had difficulties in discarding previous strategies and updating new responses that receive positive feedback as a reward [33, 34] .
Motor-related brain areas have also been consistently associated with HAND in previous research [35] [36] [37] , as reflected in the former name of the less severe form of HIV-associated dementia (i.e., minor cognitive motor disorder). Our results also showed that altered activations in the primary sensorimotor area in HAND relative to HIV-IC were correlated with verbal memory and executive function. Unexpectedly, however, the altered activation of the primary sensorimotor cortex was not correlated with fine motor function in HIV patients. Previous studies have reported that decreased fine motor function is attributable to cortical thinning [27] or altered brain activity measured with magnetoencephalography [38] in the higherorder brain regions including the frontal cortex, but not the primary sensorimotor cortex. Another study with magnetoencephalography also revealed compensatory hyper-activation in the frontal areas along with decreased activation in the primary motor cortex during motor tasks [39] . Therefore, fine motor function might be controlled by more complicated networks rather than just the primary sensorimotor cortex. Further investigation is required to reveal the underlying process.
More interestingly, the activation of the primary sensorimotor area was highly anti-correlated with that of the orbitofrontal cortex like a seesaw, which might corroborate the compensatory hypothesis. The orbitofrontal cortex has a direct connection with the somatosensory cortex and integrates sensory information supporting higher level cognition [40] . Thus, it is possible that orbitofrontal disruption made the integration process inefficient and more sensory information is required, which made the primary sensorimotor area hyper-activated. It is also noticeable that the degree of compensatory activation between the two regions were increased with decreasing performance in all sub-fields of verbal memory and executive function that showed significant differences between HAND and HIV-IC, although each region was correlated with only part of those sub-fields. These results imply that the degree of imbalance between the two regions can be a useful indicator of cognitive impairment in HIV patients. Small sample size is a main limitation of this study that undermines the possible generalization of its results. However, we believe our study gives insight to understanding the underlying mechanism behind cognitive impairment in HIV patients and we believe its results can be used to build up a hypothesis that can be confirmed by a future prospective study with larger sample size.
In conclusion, regardless of cognitive status, altered local intrinsic activities in the frontal and posterior brain regions were consistently found in HIV patients. However, the frontal and primary sensorimotor areas were more disrupted in HAND relative to HIV-IC and as these alterations were significantly associated with memory and abstraction/executive function in HIV patients, they might be more relevant to cognitive impairment in this population. 
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